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Abstract 
The behavior of the dams has particular complexities against dynamic forces and its assessment 
requires detailed and scientifically accepted method of analysis depending on the peak ground 
acceleration amount and suitability of foundation for construction. The thesis included numerical 
modeling and detailed analysis of embankment dam under three different earthquake conditions. 
Bilate embankment dam is earth and rock-fill with 42.5 m height and reservoir capacity of 52 million 
m3. The dam is found in the seismically active zone with horizontal acceleration of 0.24g and loose 
alluvium foundation materials. Dynamic stability analysis was not done during the embankment dam 
design stage and this paper attempted to analyze the dynamic stability of the dam. The thesis used the 
finite element method, QUAKE/W software modeling in evaluation of liquefiability of Bilate dam 
which recommendable for dynamic stability analysis of embankment dam constructed on such area. 
Consideration is given to evaluate liquefaction potential of embankment dam material and foundation 
materials.  Evaluation of marginal safety factor for both upstream and downstream considering both 
static and different dynamic loading conditions are done using limit equilibrium method and finite 
element method (SLOPE/W). Result by QUAKE/W shows almost all foundation materials are 
liquefied at the end of earthquake. Results from the finite element method show upstream slope 
marginal safety factor after Maximum credible earthquake and Design base earthquake are 0.893 
which are below minimum required.  But marginal safety factors determined by pseudo static for 
upstream, 1.003 and for downstream, 1.225 which are safe. Finally paper concluded finite element 
method is better than pseudo static method for evaluation of dynamic stability of embankment dam 
constructed on liquefiable alluvium foundation and highly seismic area. 
 
Key words: Maximum credible earthquake, Design base earthquake, Finite element method, 
Limit equilibrium method and Liquefaction. 
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1. General Background 
1.1 Introduction 
The  earth  dam  is  an  artificial  dense embankment  and  is  built  to  store  water  for various 
agricultural and industrial purposes or for  drinking. Dams are designed and constructed to 
withstand various natural forces and events that have occurred in the past or may be expected to 
occur in the future. One  of  the  destructive  factors that cause failure in the body of earth dams 
is the  vibration  caused  by  the  earthquake  in surrounding  area  of  the  dam  site. Earthquakes 
are vibrations caused by movement of base rocks along fault surfaces. Most earthquakes occur 
when the energy stored by elastic deformation in the rocks on both sides of a fault is enough to 
rupture the rocks or to overcome the friction on an existing fault plane. Although most engineers 
consider earth dams safer than concrete dams, but Harder (1991) put the collapse of earth dams 
due to earthquake vibrations. due  to  the  large  volume  of  water behind  the  dam  embankment  
and  the  cost  of construction,  stability analysis of earth  dams against  destructive  factors,  
including  the vibration of a possible earthquake is essential. Seismic  stability  analysis  of  earth 
embankment  dams  is  a  complicated  task  and as such,  various methods  have been  proposed. 
In general, these methods are classified into three: 
 Deformation based Methods 
 Pseudo-static analysis and 
 Dynamic analysis. 
In  the  deformation  based  methods,  an estimation  of  permanent  deformation  during  an 
earthquake  is made  and  then compared  to  what is  regarded  as  acceptable  deformation.  This  
is commonly  carried out  using  Newmark‟s sliding block  analysis  method  in  which  the  
potential sliding  mass  is  approximated  as  a  rigid  body resting on a rigid sloping base. 
Pseudo- static  stability  analysis  is  basically  a static  limit  equilibrium  analysis  in  which  the 
effect of dynamic earthquake loading  is replaced by  a  constant  equivalent- static  acceleration, 
which  produces  horizontal  and  vertical  inertial forces acting on the centroid of the sliding  
mass. 
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Currently pseudo static method is used for reasonably well-built dams on stable soil or rock 
foundations and if estimated peak ground acceleration is less than 0.2g.  
Dynamic  analysis  is  recommended  for important  dams,  of  which  failure  may  lead  to high 
levels of risk. Dynamic analysis essentially involves the estimation of deformation behavior of 
an earth dam using the finite element or finite difference method (Roy et al, 2007). Dynamic 
analysis should performed in areas where peak ground accelerations exceed 0.2g and for dams 
involving embankment or foundation soils that may lose a significant fraction of their strengths 
under the effects of earthquake shaking(USNRC,1985). 
1.2. Seismic hazards: 
The practice of earthquake engineering involves the identification and mitigation of seismic 
hazards. Fault movements, ground shaking and landslide can induce seismic hazard on 
embankment dams. These in turn result in deformation, liquefaction, slope instability and 
overtopping of the water of the dam. 
The displacement of a fault running through the foundation of the dams is likely to result in 
severe damage or even collapse of the dam. Hence, detailed geological investigations are to be 
carried out to identify potentially active faults. Dams should be located at a safe distance from 
such features.  
At a given site the major part of the ground motion during an earthquake is due to the upward 
propagation of body waves from an underlying rock formation. Among the different waves that 
are generated at a site shear waves are the major contributors to seismic hazard. The shear waves 
induce shear stress which may result in irreversible shear deformation of the soil skeleton or an 
increase in pore pressure. The extent of this deformation and excess pore pressure may dictate 
slope failure, liquefaction and movement of blocks of rock on the dam foundation and 
abutments.   
The strength and duration of shaking at a particular site during earthquake depends on the size 
and location of earthquake and on the characteristics of the site. Soil deposits tend to act as filters 
to seismic waves by attenuating motion at certain frequencies and amplifying it at other 
frequencies.  
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Strong earthquakes often cause landslides. Some earthquakes induced landslide resulting from 
liquefaction phenomena, but many others simply represent the failures of slopes that were 
marginally stable under static conditions. Seismic shaking may also trigger rock falls from 
potentially unstable slopes, water waves in the reservoir and hazards on the spillway, diversion 
weir, intakes and outlet structures.  
1.3. Seismicity of Ethiopia: 
The seismicity of Ethiopia and neighboring countries has been studied by Gouin (1979), Kebede 
(1991), Asfaw (1996) and others. Gouin (1979) compiled a catalogue of earthquake and 
produced the first seismic hazard map of Ethiopia. Several potentially damaging earthquakes 
have occurred.  
Few occurrences of earthquakes in Ethiopia are the 1906 Main Ethiopian rift earthquake 
(M=6.8), the 1961 Kara Kore (western margin of afar depression) earthquake sequence (M=6.6), 
and the 1969 Central Afar earthquake sequence (M=6.3).  
To understand better the geographic distribution of earthquakes and the time for their occurrence 
in the region, review of plate tectonic is essential. The broad picture of the distribution of 
earthquakes in the horn of Africa would be determined by the relative motion at boundaries of 
plates in the immediate region. This involves the collision process between Africa/ Arabia plate 
on one hand and Eurasia plate on the other. During the collision Africa and Arabia plates move 
north, with the Arabia plate moving faster than Africa plate, generating tension and causing 
faulting and subsidence at the sites of the Red Sea and Gulf of Aden (Hempton, 1987). The 
sustained relative motion between Africa and Arabia plates resulted in the formation of the Gulf 
of Aden and the Red Sea. Later on the East African Rift System was formed. The relative motion 
of Africa plates and Arabia plate is responsible for the seismicity of the Red Sea and the Gulf of 
Aden while the relative motion of Somalia plate and Africa plate is the main cause of seismicity 
in the East African rift system. In the Horn of Africa, all the three rift systems of the Red Sea, 
Gulf of Aden and East Africa rift systems meet in the Afar Depression forming a triple junction 
and a hot spot connecting the deep mantle to the crust. 
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1.4 Description of study area 
The Bilate  dam  site  is  located  in Oromia and  Southern National  and Nationality  People 
Region  accessed through 32 km dry road from Alaba Kulito to left abutment and, 58 km from 
Welayta Sodo town to the right abutment and construction material sites accessed thorough 
gravel and dry weathered road. Alaba Kulito and Welayta Sodo are around 315 km and 380 km 
south of Addis Ababa, respectively, which are connected through asphalt road. The dam site is 
bounded by geographic coordinates of 39
o
58‟00‟‟-39o90‟00‟‟-E and 78o02‟00‟‟-78o28‟00‟‟-N 
(WWDSE final feasibility report, 2008b) 
The dam is earth and rock-fill with 42.5 m height and reservoir capacity of 52 million m
3
. The 
proposed dam will irrigate agriculture land which is mainly characterized by plain land (flood 
plain) and gentle slope forming land with hills. Bilate dam site falls in between the two small 
hills.   
The Bilate dam project is one of the Projects undertaken by Water Works Design and 
Supervision Enterprise (WWDSE). The Gelana, Gidabo and Bilate irrigation projects are 
proposed development projects, aimed to irrigate a total net irrigation command area of 31, 900 
ha. Of which, 47% is for Bilate irrigation command area. This command area is situated in the 
northern part of Lake Abaya, southern part of Ethiopia. The northern Lake Abaya area, which is 
located in the southern part of the Main Ethiopian Rift (MER), encloses irrigable lands at 
different places. 
To provide  irrigation  facilities  to  the Lower Bilate and Delta  region,  two alternative dam  
sites viz. Ropi and Bilate have been identified on the Bilate River. Rock sources for rip rap, 
masonry works and crushed aggregate exist in D hill and other small hills south of it. The 
proposed quarry site for rock source is located 800m-1200m downstream of the dam axis, which 
is west of Bilate mountain/hills. The borrow area for sand, to be used for fine aggregate and 
transition filters,  are  collected  along  the main  river  course  of Bilate  and Cherake  rivers;  
upstream  and downstream of the dam axis. This sand is the result of point par deposits, which is 
characterized by fine to coarse grained sand with very minor gravel.  The proposed borrow site 
for core material is at dam site including material excavated from dam foundation, spillway and 
outlet structure (GGI final feasibility report, 2008b). 
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Figure 1: Location map of study area (WWDSE final feasibility report, 2008b) 
Assessment of the seismicity around the site was made based on regional seismic hazard map of 
Ethiopia produced by Geophysical Observatory of the Addis Ababa University. Based on this 
study (Intensity map and Zoning map of Ethiopia), the Bilate dam site is found within the area 
having greater than 20% ground acceleration and VIII intensity with 100 years return period and 
the site falls under zone IV with a corresponding major damage. Therefore evaluation of 
dynamic analysis particularly Bilate embankment dam is crucial. 
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Figure 2: Seismic map zone of Ethiopia ( Tumoro, 2010) 
1.5 statement of problem 
Bilate embankment dam is found in tectonically very active zone with horizontal peak ground 
acceleration of 0.24g and loose alluvium deposit. Earthquake occurrence can cause great 
instability on embankment dam constructed in highly seismic area and loose alluvium. The 
instability of dam highly affects the downstream population. To overcome the seismic instability 
of dams caused by earthquake it is better to use the method which shows the true response of 
embankment dam and safe the downstream population. Finite element method evaluation of 
dynamic stability analysis for embankment dams constructed on such site is recommendable 
(USNRC, 1985). But previously evaluated seismic stability analysis was done using pseudo static 
method (WWDSE final feasibility report, 2008b) which is acceptable for dam constructed on 
stable foundation and site peak ground acceleration is less than 0.2g. Pseudo static method of 
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analysis does not consider pore pressure generation during earthquake occurrence which cause 
great problem for potentially liquefiable material embankment and cause instability (Melo, 2004) 
but finite element do. Therefore dynamic stability evaluation of embankment dam by finite 
element is important to overcome limitation of pseudo static analysis.  
1.5 Objective of the research 
1.5.1 General objective 
The main objective of the research is to determine dynamic stability of embankment dam. 
1.5.1 Specific objectives 
The specific objectives of the research are to determine the followings:  
 To evaluate safety factor against static loading condition of Bilate embankment dams‟ 
upstream and downstream slopes.  
 To evaluate liquefaction potential of Bilate embankment dam materials and alluvium 
foundation. 
 To evaluate stability of the Bilate embankment dams‟ slopes against earthquake load.  
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2. Literature review 
2.1 Embankment dams 
Embankment dams are made of natural materials excavated or obtained in the surrounding area 
without any binding. They can be homogeneous but the most usual structures consist of distinct 
zones of materials with different characteristics. There are two main types of embankment dams: 
earth fill and rock fill dams depending on the materials used on the embankment.  
An embankment dam can be characterized as an earth fill dam if compacted soils account for 
over 50% of the placed volume of material. An earth fill dam is constructed primarily of selected 
engineering soils compacted uniformly and intensively in relatively thin layers and at a 
controlled moisture content. They, usually, consist of an impermeable core made of clayey soils, 
filters and drains usually made of sandy and gravelly soil to prevent the core from being washed 
out and two shells made of variable soils to ensure the stability of the structure and the suitable 
weight to withstand the water load. The shells are usually protected by thin external zones of 
coarser soil or rock (Novak et al, 2007).  
Due to this kind of zoning and to the very strict regulations concerning material properties and 
compaction specifications amongst others, earth fill dams have performed very well in 
earthquake loading over the years. The earth dams that have sustained significant damage from 
seismic loads are mainly old earth dams constructed with tailings and hydraulic fill dams. This is 
also the case for the Upper San Fernando dam. Although this construction technique has been 
abandoned, there are several operational dams that have been constructed this way and whose 
safety against earthquake needs to be re-evaluated (ICOLD, 2001). 
Moreover, since there is little experience with large earthquakes affecting large earth fill dams, it 
is difficult to predict the actual response that they will have under earthquake loading. In daily 
practice, mainly quasi-static and linear elastic models are suggested by ICOLD (1989) to 
simulate earthquake response, while more sophisticated non-linear methods are only used in very 
high risk and high budget constructions. However, the use of non-linear elasto-plastic models 
can lead to a safer and more cost-efficient design without increasing significantly the expenses 
for site investigation and material testing. 
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2.2 Failure modes of embankment dams 
The most common modes of failure of embankment dams can be separated in three main 
categories: hydraulic, seepage and structural failures. Some of these mechanisms are depicted in 
Figure 3 
2.2.1 Hydraulic failures: 
a) Overtopping: when the free board of the dam or the capacity of the spillway is 
insufficient the flood water will pass beyond the crest of the dam and cause erosion of the 
crest and the downstream side (Figure 3a).  
b) Erosion of the downstream toe: This is due to heavy cross current from the spillway or 
tail water.  
c) Erosion of the upstream face: This mode of failure is caused by waves on the surface of 
the reservoir (Figure 3b).  
d) Erosion of the downstream face: This failure is caused by weathering of the face due to 
heavy rain or due to animals and plants (Figure 3c). 
2.2.2 Seepage failures: 
a) Piping through dam body: During seepage small channels can be formed which transport 
material downstream and gradually increase (Figure 3d).  
b) Piping trough foundation: If in the dam foundation there are highly permeable cavities, 
fissures or strata, concentrated seepage at a high rate occurs. This leads to erosion and 
flow of water and soil in the foundation (Figure 3e).  
c) Sloughing of the downstream side of dam: The downstream toe of the dam becomes 
saturated and starts eroding causing small slump or slide of the dam which can gradually 
progress and lead to failure. 
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Figure 3: Modes of failure embankment dams (Deretsky,NSF) 
2.2.3 Structural failures: 
a) Slide in embankment: If either of the slopes of the embankment is too steep it can slide. 
For the upstream slope this is usually triggered by a sudden drawdown (Figure 3f).   
b) Foundation slide: This mode of failure occurs if the foundation is composed by soft soil 
and can lead to the whole dam sliding due to water thrust (Figure 3g).  
c) Earthquake failure: Earthquake loading can lead to failure of the dam itself but also of the 
foundation and the appurtenant structures (spillways, water intakes etc.). The hazards that 
an earthquake represents for an embankment dam are presented in the following section.  
2.3. Seismic hazards 
ICOLD in their position paper of 2010 suggest that earthquakes represent multiple hazards for all 
types of storage dams, the most important of which are the following:  
 Ground shaking causes vibrations and structural distortions in dams, appurtenant 
structures and equipment and their foundations. 
 Fault movements or discontinuities in the dam foundation near major faults can be 
activated causing structural distortions. 
 Fault displacement in the reservoir bottom may cause water waves in the reservoir or 
loss of freeboard. 
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 Rock falls and landslides may cause damage to gates, spillway piers retaining walls 
surface powerhouses, electromechanical equipment etc. 
 Mass movements in the reservoir can cause impulse waves in the reservoir. 
 Mass movements blocking rivers and forming landslide dams whose failure may lead to 
overtopping of run of river power plants or inundation of powerhouses with equipment 
and damage downstream. 
 Ground movements and settlements due to liquefaction, densification of soil and 
rockfill, causing distortions in dams. 
 Abutment movements causing sliding of the dam or distortions. 
These hazards refer to the whole dam-lake-appurtenant structures system. When it comes to the 
seismic hazards faced by the body of an embankment dam itself, the most important effects are 
the following (Gazetas, 1987): 
a) Slope instabilities,   
b) Liquefaction flow failures due to excess pore pressure generation,   
c) Longitudinal cracks occurring near the crest due to shear sliding deformations and large 
tensile strains during lateral oscillations,  
d) Differential crest settlements and loss of freeboard possibly resulting from lateral 
sliding deformations or soil densification,   
e) Transverse cracks caused by tensile strains from longitudinal oscillations or by different 
lateral response near the abutments and near the central crest zone and   
f) Piping failures through cracks in cohesive soil zones.   
Also Sherard et al. (1963) enlisted possible ways of failure of embankment dams due to 
earthquake as follows:(a) Failure due to disruption of the dam by major fault movement in the 
foundation (b) Slope failure induced by ground motions (c) Loss of freeboard due to differential 
tectonic ground movement (d) Loss of freeboard due to slope failure or soil compaction induced 
by ground motions (e) Piping failure through cracks due to ground motions (f) Overtopping of 
dams due to slides or rock-falls into the reservoir (g) Sliding of dams on weak foundation 
materials, and (h) Failure of spillway or outlet works. Both (Gazetas, 1987) and Sherard et al. 
(1963) are express almost the same ideas in different expression. 
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Adequate design precautions should be adopted to preclude any possibility of failure due to the 
above causes and often simply involve the exercise of good planning and judgment along with 
the incorporation of the features such as (a) Avoidance of active faults in the foundation 
(b)provision of ample freeboard to allow for some loss due to subsidence of slope slumping 
(c)Provision of wide transition section of filter materials that are not vulnerable  to cracking (d) 
use of such materials in wider core that are capable of self-healing if there be any eventual 
development of cracking (e) Careful examination of the stability of slopes adjoining the 
reservoir, and (f) Provision of appropriate crest details to minimize erosion in the event of 
overtopping. 
2.4 Dams and earthquake loads 
If any fault crosses a dam axis beneath, designer should take in to account a motion and load of 
earthquake for the dam design. The loading and dam characteristics that make seismic potential 
failure modes to occur more likely are listed below (ICOLD, 2001). 
 Peak Horizontal Acceleration > 20% acceleration of gravity  
 Capable fault beneath the embankment (Active fault which have received movement 
in the last 10,000 years) 
 Hydraulic fill embankment  
 Sand embankment  
 Loose saturated alluvial foundation  
 Fine-grained soils susceptible of cyclic failure  
 Thin impervious cores  
 Thin filter zones  
 Conduit embedded in embankment  
 History of seismic damage  
 Earth embankment-concrete section interface 
In evaluation of seismic stability in concrete dams, the focuses are analysis on its ability to resist 
induced lateral forces and movements and excessive crack due to overstress on the concrete. On 
embankment dams the focuses are pore water pressure development, excessive deformation, 
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slumping settlement, cracking and planar or rotational failure of embankment. Embankment 
dams have a vibration range between 0.5-1.5 seconds. (ICOLD, 1989)  
During earthquake, the previous loading and stress condition of the embankment material will be 
changed. The new load mode will be dynamic which changes stress state that might result shear 
or tensile failure of material. (USBR, 2012)  
The main broad issues that need to be resolved in assessing the seismic performance of earth 
dams under earthquakes are:  
a) Stability: - This deals with the capability or the strength of the dam against collapse.  
b) Deformation: - This deals with its serviceability performance after accommodating 
some damage. (Visible or invisible)  
The first failure of a dam due to earthquake reported in the literature is Augusta Dam, during 
1886 Charleston earthquake (S i d d a p p a ,  2 0 0 0).  After 1950 percentage of dam failure due to 
earthquake becomes 3.4. In dealing with earth structures during earthquake the major categories 
of issues to be considered are:- 
(a) The motion, movement and inertial forces that occur during the shaking,  
(b) The shears strength,   
(c) The effect on stability created by the inertial forces, excess pore-water pressures and 
possible shear strength loses, and   
(d) The redistribution of excess pore-water pressures and possible strain softening of the 
soil after the shaking has stopped. 
To make it more clear and practical, the four main issues to consider in earthquake are:  
 The general design of the dam particularly the provision of filters , to prevent or 
control internal erosion of the dam and  foundation, and provision of zones with 
good drainage capacity.( e.g. free draining rock fill)  
 The stability of embankment during and immediately after the earthquake.  
 Deformations induced by the earthquake (settlement, cracking) and dam free board.  
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 The potential for liquefaction of saturated sandy and silty soils and some gravel with 
a sand and silt matrix in the foundation, and possibly in the embankment, and how 
this affects stability and deformations during and immediately after the earthquake.  
2.5 Dynamic and static loading 
In static loading after assessing the strength of the structure by comparing it with external 
destabilizing force, the major concern is to evaluate the factor of safety against failure. Failure in 
soil occurs at a few percent of strain level. So, a static problem deals with a few percent of strain 
level, which can occur due to compression or consolidation.  
The strain level is in order of 10
-3
or greater. In dynamic problems the soil is in motion and the 
large impact of inertial force due to velocity change is considered. As the duration of time for 
deformations become shorter the role of inertia becomes larger and larger. In such a cyclic 
motion even if the strain level is so small, the inertial force will increase in proportion to the 
square of the cyclic frequency. Due to this fact, up to a strain level of 10
-6
 such consideration 
must be given for dynamic loading.   
The other issue differentiating dynamic problem with that of static is the rapidity of load. 
Problem where the load is applied for more than tens of seconds is cited as static. If the load 
application time is less than this, the problem is of dynamic type. In addition of the time of 
application, the other factor differentiating dynamic and static problem is the loading repetition 
in dynamic loading. The period of impulse in earthquake is from 0.1-3 seconds.  
In static loading since we deal with a strain level of 10
-3
 or greater which is a failure state, the 
deformation characteristic is not dependent on shear strains. But in dynamic loading, the 
deformation characteristic is dependent on shear strain. The below table shows the relationship 
between strain level and mechanical properties, with expected phenomena to occur. 
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Table 1: Variation of soil properties with strain 
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2.6 Dynamic material properties 
In evaluating soil materials under earthquake load, determination of dynamic properties of soil is 
a fundamental part of the solution. When the strain level is less than 10
-6
, it indicates elastic 
properties represented by wave propagation. For the sake of simplicity in applying mathematical 
theory of elasticity, soil is generally considered as a linear mass and with such assumptions, the 
dynamic soil properties can be theoretically handled easily. Up to a strain level of 10
-6
, beyond 
which the non-linear behavior becomes prominent, an approximate analysis is carried out using 
the so called „equivalent linearization method‟, which takes into consider the changes in 
deformation coefficient and damping ratio. Recently, soil has been represented by an elasto 
plastic model to enable the realistic analysis of failure phenomenon. 
During earthquake the two broad categories of dynamic properties are soil stiffness and 
generation of excessive pore-pressure (Quake/W, 2007). 
Damping is a resistance of vibration. It is the energy absorbing capacity of a soil. Damping ratio 
is influenced by many factors. Damping ratio of high plastic soil is lower than those of low 
plasticity soil. Damping ratio is also influenced by effective confining pressure particularly for 
soils of low plasticity. Damping ratio decreases with confining pressure, void ratio, and geologic 
age. Damping ratio increases with cyclic shear strain. Damping is mostly rate-independent and of 
hysteretic in nature. In general, for sands, damping ratio increase with increasing shear strain to a 
value of 25% of the initial damping when the shear strain increases by 0.5%. 
Shear modulus is a ratio of shear stress by shear strain. Modulus ratio (G/Go) is a ratio of shear 
modulus at a time and the initial shear stress. The initial shear stress slope is always greater than 
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or equal to any shear stress at a time. Shear modulus ratio is a dynamic soil property. It increases 
with confining pressure, void ratio, plasticity index and geologic age. It decreases with cyclic 
strain and number of loading cycles. In general, for sands, the shear modulus decreases with 
increasing strain down to about one tenth of the initial value, if the strain increases to a level of 
0.5%. 
2.7 Historical overview of methods 
Over the years several approaches have been used for evaluating the seismic response of 
embankment dams.  
In the early 1930s, design practice usually considered earthquake effects by simply 
incorporating, in the stability or stress analysis for a dam, a static lateral force intended to 
represent the inertia force induced by the earthquake. This method of approach is termed as the 
pseudo-static analysis and was the only method used to assess the seismic stability of dams until 
the late 1960s. The pseudo static approach would treat the dam as a rigid body experiencing a 
uniform acceleration equal to the ground acceleration. The pseudo-static analyses assume a rigid 
or elastic behavior for the material (Ambraseys, 1960) and have the limitation that the seismic 
coefficient acts in one direction for an infinite time. The perception of the dam as a rigid body 
was proved erroneous (Newmark, 1965).The pseudo static method of seismic analysis of  
embankment dam use model that assume the soil embankment as rigid body and the acceleration 
developed during the earthquake are uniform throughout the embankment section. Pseudo static 
method do not account pore pressure generation under earthquake load (Melo, 2004)  
In the 1960s and early 1970s a number of earthquake-induced dam failures occurred, which led 
to an increasing concern that the pseudo-static method of analysis could not always predict the 
safety of dams against earthquake shaking, as a result of which increasing emphasis was given to 
the use of dynamic analysis methods where appropriate.  At about the same time, new tools for 
making improved analyses of seismic response had become available (finite element method and 
high-speed computers). Current methods of analysis generally use the pseudo static method for 
reasonably well-built dams on stable soil or rock foundations and if estimated peak ground 
accelerations is less than 0.2g.  However, in areas where peak ground accelerations exceed 0.2g 
and for dams involving embankment or foundation soils that may lose a significant fraction of 
their strengths under the effects of earthquake shaking, a dynamic analysis should be 
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performed(USNRC,1985).  The principal objectives of a dynamic analysis of embankment dams 
are assessment of liquefaction potential of susceptible materials and determination of permanent 
deformations. Permanent deformation like seismic slope failures are occurred by dynamic 
earthquake stresses which goes above the strength of soil temporarily. This thesis deal with the 
first objective, which is earthquake induced liquefaction analysis and the second objective, which 
is seismic slope stability analysis.   
2.8 Modeling the earthquake response of embankment dams 
There can be several variations in the procedure followed to evaluate the liquefaction potential 
and the general dynamic response of an earth dam. However, the process presented in the 
following includes all the necessary steps needed for such an analysis, as described by Seed and 
Harder (1990).This process in based on the suggestions of Seed, but it has been improved over 
the years with the evolvement of analysis methods. It is the most common process used in 
practice and its sophistication depends highly on the models used for the static and dynamic 
analyses. The resistance of the soil is determined by empirical methods based on in situ testing. 
The analysis process consists of the following steps: 
 Selection of a representative cross section of the dam to be used for analysis.  
 Determination of the maximum time history of base excitation to which the dam and its 
foundation might be subjected.  
 Determination of the initial static stresses and water conditions existing in the 
embankment before earthquake loading. This is preferably done by using finite element 
analysis.  
 Determination through laboratory and in situ testing of the dynamic properties of the 
embankment and foundation materials along with their dependency on strain, since the 
material characteristics are non-linear.  
 Computation using appropriate finite element analysis of the accelerations and/or 
stresses induced in the embankment and its foundation by the selected earthquake 
motion.  
 Evaluate the resistance of potentially liquefiable soil types within the dam and 
foundation to pore pressure generation under cyclic loading. This can be generally done 
by laboratory and in situ testing. In current practice, it is common to evaluate 
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liquefaction resistance through Standard Penetration Test (SPT) and Cone Penetration 
Test (CPT) data. 
 Based on the results of the dynamic analysis and the resistance, the pore pressure 
generation or cyclic strain accumulation within the dam and foundation is evaluated. 
This determines the potential of liquefaction triggering. 
 If there pore pressures increase significantly, the residual undrained strength of the dam 
and foundation needs to be determined. In this case also, common practice depends on 
correlations based on SPT and CPT data.   
 If from the previous analysis the dam and foundation are found to be safe for 
liquefaction triggering and post triggering major slide movements or deformations, then 
the magnitude of the deformations caused by the combined effects of static and 
dynamic loading need to be evaluated and their effect on the dam stability and 
performance is assessed. 
In every step of this process several simplifications are made so that the analysis can be 
performed. This means that engineering judgment and use of examples of other case histories is 
necessary for a final assessment of the probable performance of the embankment dam.  In this 
project not all of these steps will be used in the analysis, since certain aspects such as the input 
ground motion and the laboratory testing will be taken from existing documentation on the case 
history.  
Also, the post liquefaction analysis of embankment is beyond the scope of this project and will 
not be taken into consideration in the analysis. The main concern is the determination of the 
conditions during loading and mainly of the assessment of liquefaction triggering. 
In an earthquake response analysis, there are certain characteristics that differentiate 
embankment dams from other earth structures or natural soil deposits. First of all, every dam is 
unique. Due to the restrictions posed by the topography of the construction area, the available 
materials, the size and hydrologic data of the valley etc., there are large variations in the zoning, 
the inclinations of the slopes and the properties of the construction materials between dams.  
For this reason, contrary to other engineering structures, it has been very difficult to form a set of 
technical specifications for design against earthquake that can apply globally.  Even the 
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specifications suggested by ICOLD have the form of general guidelines which depending on the 
specific case should be followed or not. This also means that any analysis of embankments has to 
take into account the particularities of the specific case.  
2.9 Earthquakes and ground motion 
The earthquake ground motion is one of the largest unknowns in any dynamic analysis. In 
general, an acceleration time history of the dam site is needed at either bedrock or rock outcrop. 
All the potential earthquake sources in the area of the dam need to be identified along with the 
greatest earthquake each source can produce and time histories representing the resulting 
attenuated ground motions at the dam site. It is not always obvious which is the most critical 
ground motion, so analyses with multiple earthquakes is often necessary. One type of ground 
motion, peak ground acceleration depends on Maximum Credible Earthquake and Design Base 
Earthquake. Peak ground acceleration can be divided into - Horizontal peak ground acceleration 
which is critical in design and vertical peak ground acceleration. Following the guidelines 
recommended by the International Commission on Large Dams (ICOLD), two different 
earthquakes  –  the Maximum Credible Earthquake (MCE) and the Design Base Earthquake 
(DBE) – have been used(ICOLD,1983). The MCE is the largest reasonably conceivable 
earthquake that appears possible along a recognized fault or within a geographically defined 
tectonic province, under the presently known or presumed tectonic framework. The DBE is the 
earthquake which is expected to occur at least once during the expected life period of the dam. 
ICOLD suggests that under the DBE condition, structure of the dam should not be significantly 
impaired and should remain operational, even though some deformation is acceptable. ICOLD 
also indicates that for embankment dams, the MCE should not cause the dam (Fell, Macgregor 
and Stapledon, 1992):- 
a)  To lose its free board. 
b)  To fail due to liquefaction of material in the dam or its foundations. 
c)  To collapse due to movement at a slip surface in the slope or through the foundation. 
 For the determination of the input motion either deterministic or probabilistic methods can be 
used. Probabilistic seismic hazard analysis has become popular recently and it is useful for 
estimating structural response (Marcuson, 2007).   
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According to ICOLD (2010) to prevent uncontrolled rapid release of water from the reservoir of 
a storage dam, it should be able to withstand an extreme earthquake which is referred to as the 
Safety Evaluation Earthquake (SEE) or the Maximum Credible Earthquake (MCE). If a 
probabilistic approach is used for the determination of the MCE then a reasonable return period 
of this event is 10,000 years which means that there is a possibility of 1% for this event to be 
exceeded in 100 years. 
2.10 Earthquake induced liquefaction 
Loose cohesionless soils tend to contract during cyclic loading, which can transfer normal stress 
from the soil skeleton to pore water, if the soil is saturated and largely unable to drain during 
shaking. The result is a reduction in effective confining stress within the soil and an associated 
loss of strength and stiffness that contributes to deformations of the soil deposit (Idriss and 
Boulanger, 2008). This loss of strength and stiffness due to increasing pore pressures is called 
liquefaction and can have devastating effects.  
Although the previous definition gives a qualitative description of the liquefaction phenomenon, 
there is not one single definition to determine the exact conditions at which liquefaction occurs. 
This is mainly because, depending on the initial conditions before earthquake, the mechanisms 
that lead to failure are different. Liquefaction can be divided in two main groups of phenomena: 
flow liquefaction and cyclic mobility.  
Flow liquefaction concerns slopes and it can lead to very large displacements (Figure 4). In the 
case of flow liquefaction, the shear strength of the soil decreases up to a point that the shear 
stresses required for equilibrium exceed it. This leads to flow failure whose driving force is the 
static shear stress. 
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Figure 4: Liquefaction flow failure at the lower San Fernando Dam due to the 1971 San 
Fernando earthquake after lowering the reservoir (Makra, 2013) 
In contrast to flow liquefaction, for cyclic mobility the deformations that lead to failure are 
produced incrementally during shaking and are due to the combined effect of static and cyclic 
loading. One type of cyclic mobility is lateral spreading which can occur in gently sloping 
ground or on virtually flat ground adjacent to bodies of water. Although in this case the 
deformations are significantly smaller than in the case of flow failures, still, if there are 
structures present in the area, the damages can be large. This kind of phenomenon can extend in 
very large areas. 
Another type of cyclic mobility is level-ground liquefaction. In this case there is no static shear 
stress. During earthquake loading large chaotic movement of the soil can occur, but the 
permanent lateral deformation of the soil is small. This type of liquefaction causes failures due to 
excessive settlements connected with the dissipation of the excess pore pressures after shaking 
stops (Kramer, 1996).  
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Generally cyclic mobility leads to larger generation of excess pore pressures that eventually can 
equal the initial effective stress, while in the case of flow liquefaction failure occurs before this 
point is reached. Despite the differences of the failure mechanisms, flow liquefaction and cyclic 
mobility are not separate phenomena. Their difference occurs due to the initial conditions before 
liquefaction, but the mechanics behind pore pressure generation, softening and loss of shear 
strength are the same. For this reason, in constitutive modeling there is no distinction between 
them (Been and Jefferies, 2006) 
2.10.1 Liquefaction assessment 
To assess the liquefaction hazard at a specific site three main questions need to be answered 
(Kramer, 1996):  
 Are the soils susceptible to liquefaction?  
 Will liquefaction be triggered by the earthquake ground motion under consideration?  
 If liquefaction is triggered, what are the potential consequences?  
In current practice, usually these three questions are treated separately. First the susceptibility of 
the soil to liquefaction is assessed, then a triggering analysis is performed and finally the 
consequences are evaluated by a flow slide analysis or a displacement analysis (if a flow slide 
does not occur).  
2.10.2 Liquefaction susceptibility 
Not all soil deposits are susceptible to liquefaction. To evaluate the susceptibility of a soil to 
liquefaction several criteria are used and can be summarized in the following categories: 
historical, geologic, compositional and state criteria (Kramer, 1996).  
Historical criteria:  
Liquefaction often recurs at the same location when soil and groundwater conditions remain 
unchanged (Youd, 1984a). This way, case histories of previous earthquakes can be used to 
determine specific sites that are susceptible to liquefaction and also more general site conditions.   
Moreover there seems to be a specific distance from the epicenter of the earthquake within which 
liquefaction can occur. This distance depends strongly on the magnitude of the earthquake. 
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Although it is not safe to assume that liquefaction cannot occur in larger distances it can be 
helpful for evaluation of regional liquefaction hazards 
Geological criteria:  
The depositional environment, hydrological environment and age of soil deposits all contribute 
to its liquefaction susceptibility. The most susceptible sediments are fills and alluvial, fluvial, 
marine, deltaic and wind-blown deposits. Moreover, recently deposited sediments are more 
susceptible than older ones.  
Concerning man-made deposits well compacted fills are much more unlikely to liquefy 
compared to loose fills like hydraulic fill dams and mine tailings piles in which soil particles are 
deposited by settling through water. 
Compositional criteria:  
Since liquefaction is connected with the generation of excess pore pressures the compositional 
characteristics that influence liquefaction susceptibility are the ones affecting the volume change 
behavior, including particle shape, size and gradation. 
Liquefaction concerns cohesionless soils ranging from non-plastic coarse silts to gravel. 
Cohesive soils can also develop significant strains and deformations during earthquake loading. 
This phenomenon is described as cyclic softening and since cohesive soils have significantly 
different shear strength characteristics from cohesionless, it is not evaluated by the same 
engineering procedures.   
As far as the gradation is concerned well graded soils are less susceptible to liquefaction than 
poorly graded ones because they have lower volume change potential. Moreover, soils with 
rounded grains are known to densify more easily than soils with angular grains which makes 
them generally more susceptible to liquefaction. For fine grained soils the Chinese criteria 
(Wang, 1979) can be applied to evaluate liquefaction susceptibility:- 
 Fraction finer than 0.005mm≤15%  
 Liquid limit LL≤35%  
 Natural water content≥0.9LL  
 Liquidity index ≤0.75  
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State criteria:  
Even if all the previously described criteria are met the triggering or not of liquefaction will be 
determined by the initial state of the soil. The state of the soil is determined with respect to its 
critical state. A measure of the state of the soil is the state parameter introduced by been and 
Jefferies (1985) which is defined as the difference between the current void ratio (e) and the void 
ratio at the critical state (ecs). The state parameter gives a description of the combined effects of 
the relative density and the confining stress. The critical state refers to the conditions that exist in 
the soil when it is sheared continuously and no further change in stress and volume is occurring 
(Idriss and Boulanger, 2008).For a specific type of sand and a type of laboratory test the cyclic 
resistance of the soil is a function of the state parameter. Generally, in sand that is denser than in 
the critical state flow failure cannot occur, so if liquefaction is triggered, it will lead to the 
limited deformations connected with cyclic mobility.  
In more detail, at a given confining stress, the cyclic resistance increases with increasing relative 
density (Dr). Moreover, the effect of the confining stress on cyclic resistance reflects its effect on 
the tendency of the soil to contract or dilate. Cyclic strength increases with increasing 
consolidation stress for all values of Dr although the relationship varies from practically linear in 
lower densities to more concave in larger ones. 
2.10.3 Consequences of liquefaction 
Liquefaction can lead to a large range of consequences depending on the site conditions the 
seismic loading characteristics and the nature of the structures on the site. Three of the most 
important consequences that involve all the main concerns that are connected to liquefaction are 
the following (Idriss and Boulanger, 2008):  
 Loss of shear strength leading to instability of slopes or embankments   
 Lateral spreading of mildly sloping ground  
 Settlement caused by reconsolidation of the liquefied soils  
As it was mentioned earlier these consequences are directly related to the phenomena of flow 
liquefaction and cyclic mobility. Liquefaction induced deformations depend not only on the soil 
characteristics and the earthquake ground motion but also on the site stratigraphy and topography 
and on several other complicating phenomena such as three dimensional effects and ground 
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cracking. Current analyses cannot account for the full effect of all the factors affecting 
liquefaction induced deformations. Generally liquefaction analyses for both triggering and 
deformations are based on several approximations and assumptions. Especially when it comes to 
post-liquefaction residual strength, although there is extensive research on the topic, there is not 
a commonly accepted framework for analysis. 
2.11 Types of constitutive models for advanced seismic analysis of embankment 
dams 
A constitutive model is basically a law that connects stress and strain increments. There is a large 
variety of models that can be used for advanced analysis of embankments.  Each one of these 
models can be potentially used in the analysis depending on the anticipated material behavior of 
each zone or foundation layer and the objective of the analysis. The following three categories 
concern mainly the non-liquefiable layers of the embankment:  
Linear elastic models: Simple linear elastic models impose a constant proportional relationship 
between stress increments and strain increments. This model is extremely simple and its results 
are path independent, but it has the disadvantage that it over simplifies soil behaviour. There is 
no yielding and permanent shear strains cannot be modeled directly. It can be used though for 
rock-like zones where shear failure or significant nonlinearities are unlikely.  
Elastic-perfectly plastic models: In these models, there is a fixed yield surface and upon 
yielding the plastic strains can grow without bound given that no further change in stress occurs 
and no outside constraints are present. These models are useful for competent materials, such as 
compacted embankment shell, impervious core, unsaturated materials when material yielding is 
possible but effects related to pore pressure generation or cyclic degradation are not significant. 
Mohr-Coulomb model is a common example of this category. 
Non-linear elasto-plastic models with work hardening plasticity: Elastic and elastic perfectly 
plastic models can be used for certain materials within the dam and its foundation. However, 
modeling of nonlinearities and stress dependency plays a significant role in seismic response.  
Thus, elasto-plastic models, using work hardening plasticity, can produce better results. In 
contrast to perfect plasticity, work hardening implies that the yield surface changes in a certain 
way after initial yielding has occurred. The way the yield surface changes depends on the plastic 
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strain or the accumulated plastic work. In these models, changes of the yield surface are 
determined by a hardening rule. The yield surface can either expand (isotropic hardening) or 
move (kinematic hardening) in the stress space.  
For the liquefiable materials of the embankment and foundation, there are three general types of 
constitutive models that can be used. These models are also based on elasto-plastic soil behavior. 
The reason that they are described separately is just that since liquefaction is of concern, the 
coupling of the two phases of the soil skeleton (soil and water) and the subsequent pore pressure 
generations are a main concern.  
Total stress models: These models simulate the softening of the liquefiable elements at the time 
of triggering.  Timing and distribution of liquefaction can be manually controlled by cycle 
counters based on laboratory data and theoretical formulations to predict the evolution of 
liquefaction. The pore pressures are not directly predicted and the strengths in the saturated 
elements are specified as undrained values with a friction angle of zero. The advantage of these 
models is that they are relatively simple but still incorporate critical aspects of liquefaction in the 
analysis.  
Loosely coupled effective stress models:  In the model the element response is a function of the 
evolving effective stress state. They use an independent pore pressure generator instead of 
calculating volumetric strains directly. They evaluate the predicted cycles of shear stress or shear 
strain to estimate the corresponding change in the pore pressure and then adjust the pore 
pressures at the end of each cycle or half-cycle. Loosely coupled models can be extensions of 
elastic perfectly plastic models or non-linear models.   
Fully coupled effective stress models: This model is the most sophisticated class of constitutive 
models for liquefaction. They predict the soil‟s tendency to dilate or contract in response to each 
load increment. The volumetric strains are resisted by the stiffness of the pore fluid in the 
saturated elements and thus, pore pressure generation can be estimated. Often, the effects due to 
pore water flow can also be considered, although in these cases the analysis becomes extremely 
complex. 
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The stiffness and pore pressure response of this type of models depends on the accurate 
prediction of volumetric strains. For this reason the calibration and verification becomes difficult 
as their appropriateness for critical structures needs to be demonstrated through laboratory tests, 
case histories, centrifuge comparative analysis and critical evaluation of predicted element 
response.  However, fully coupled, effective stress models simulate better the soil behaviour seen 
in laboratory tests.   
QUAKE/W can potentially be used for the dynamic analysis of the structures subjected to 
ground acceleration since it has some of above constitutive models. The excess pore water 
pressure generated during shaking can also be calculated. QUAKE/W has two constitutive 
models, the linear-elastic model and the equivalent linear model. The equivalent linear model 
can considered as non-linear, but it is equivalent to a linear model because it transforms the 
irregular earthquake shaking into equivalent uniform cycles (QUAKE/W, 2007). It is non-linear 
in that the shear modulus G is modified (reduced) in response to cyclic shear strain. Each 
iteration is linear (i.e., G is a constant), but the modification of G after each iteration makes the 
analysis non-linear. QUAKE/W can be used to compute dynamic factor of safety of slopes when 
coupled with SLOPE/W. 
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3. Materials and Methodology 
3.1 Data collection 
One of big problem in dynamic analysis is availability of data. These data are collected from 
project office & reviewed literatures. The dam zones and material data are collected from the 
project office (WWDSE). The most of earthquake data (acceleration time history) used are from 
literature reviews. 
3.1.1 Earthquake data 
Ground motion intensity related with earthquake which are important to evaluate dynamic, 
liquefaction stability of embankment dams can measured in terms of peak ground acceleration. 
Peak Ground Acceleration (PGA) 
PGA data (corresponding to MCE and DBE) from seismic studies previously conducted by the 
Department of Earth Sciences at Addis Ababa University and additional studies, all referred from 
the Bilate dam design report (WWDSE final feasibility report,2008b) are considered for the 
analyses. Bilate dam design report (2008b) put dam area under seismic zone IV as per seismic 
zoning map of Ethiopia which is zone of major damage in which the seismic ground shaking 
would produce intensity of VIII and above. Table 2 below summarizes the relationship between 
seismic zones and horizontal ground accelerations.  
Table 2: Zone factors based on intensity of shaking (Ghosh, 2012) 
Zone II Zone III Zone IV Zone V 
0.1g 0.16g 0.24g 0.36g 
 
Zone factors summarized in the above table is for MCE. Based on the Seismic Hazard 
Assessment in India DBE is taken as half MCE value (Ghosh, 2012). 
Table 3 below summarizes the design horizontal and vertical PGA used in the analyses. Based on 
international design standards (Kramer, 1996) the vertical PGA has been taken as half of the 
horizontal component. 
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Table 3:  Design PGA 
Maximum Credible 
Earthquake(MCE) 
Horizontal Vertical 
0.24g 0.12g 
 Design Base 
Earthquake(MBE) 
0.12g 0.06g 
 
Acceleration Time History (ATH) 
The dynamic analysis of the dam has been carried out by a Finite Element Method based state of 
the art computer program QUAKE/W from Geo-Slope International Ltd. (Geo-Slope 
International, 2007). Horizontal and vertical acceleration time histories are key input parameters 
for QUAKE/W analysis. Therefore, site specific horizontal and vertical ATH for Bilate 
Embankment Dam should be produced using the peak accelerations and records of actual 
earthquakes. However, there are no ATH records near the dam site; actual accelerographs 
recorded elsewhere have been used. The selection of the time history data is based on the 
earthquake magnitude and hypo central distance. The site specific hazard assessment report 
indicates that the earthquakes in Ethiopian rift valley are less than 15km in depth. In addition the 
sites near recorded Kara Kore earthquakes have a magnitude of 3.5-6.5 in Richter scale. Based 
on these two facts three recorded data elsewhere are selected and used in the dynamic analysis of 
Bilate dam. The following three ATH data have been considered for the analysis (Messele, 
1996). 
i)  The 1940 Elcentro Record, USA (M=6.7, H=11 km, R=11.5 km). 
ii)  The 1995 Kobe JMA record, Japan (M=7.2, H=14.3 km, R=19 km). 
iii)  The 1968 Hachinohe record, Japan (M=7.9, H=0 km, R=200 km). 
The 1940 Elcentro record appears to have the closest resemblance with the earthquake records of 
Kara Kore which have a magnitude of 3.5-6.5 in Richter scale and considered.  However, in 
order to represent other possible earthquakes with different magnitude, time duration and 
frequency content, the 1995 Kobe JMA record and the Hachinohe record have been considered.  
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Data modification 
Once the data has been imported into QUAKE/W, the data can be modified to suit the needs of a 
particular site or analysis (GEO-SLOPE International, 2007). The desired peak acceleration and 
duration can be specified. The record is then scaled to these specified values. The imported data 
of the 1940 Elcentro Record has a peak acceleration of 0.318g. 
The peak acceleration is then specified as 0.24g for Bilate embankment dam site, the entire 
record is scaled so that the peak is 0.24g. The form of the record remains the same, only the 
amplitudes are adjusted. In a similar way, the duration of the record has been modified. Often 
earthquake records have extraneous data at the start and end of the record. These data are deleted 
in QUAKE/W from a numerical performance point of view. As shown the following figure the 
extraneous data are in between 0 to 0.02 seconds and above 10 seconds. These intervals do not 
contain peak value. 
 
Figure 5: Horizontal maximum credible earthquake - 1940 Elcentro record 
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Figure 6:Modified horizontal maximum credible earthquake - 1940 Elcentro record 
 
Figure 7:  Modified horizontal Design base earthquake - 1940 Elcentro record 
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Baseline correction 
Earthquake records often have some drift in the data. This does not have a great effect on the 
dynamic response analysis of a structure, but it does lead to an unrealistic picture of the 
displacement computed from double integration of the acceleration record. QUAKE/W can make 
baseline correction to remove this drift (GEO-SLOPE International, 2007).The QUAKE/W 
baseline correction is based on a simple linear regression. The objective is to ensure that area 
under the curve is the same above and below the zero acceleration axes (that is, the slope of the 
modified linear regression line is zero). This does not necessarily ensure that a double integration 
displacement curve will return to zero at the end of the record. There may nonetheless be some 
cumulative displacement in the curve. The simple linear regression correction, however, helps to 
minimize the zero displacement offset at the end of the record. Undesirable displacement offsets 
can be further diminished by removing as much as possible any extraneous data from the start 
and end of the records. 
3.2 Methods of analysis 
3.2.1 Liquefaction Potential Assessment 
At the time of loading, particles will try to rearrange their distribution to retain equilibrium. 
During this time a load will be transferred to pore water, creating an increase in pore water 
pressure. This minimizes the effective stress on the soil solid particle which in turn decreases the 
stress and internal friction angle component of shear strength. When it decreases to zero 
liquefaction will occur. Cohesionless soil of loose sand and saturated sand will not have any 
remaining shear strength at this condition due to their zero cohesion shear strength. 
Cohesionless particles liquefaction potential assessment:  
Liquefaction is one of the major effects of earthquakes, in which water saturated cohesionless 
soils temporarily lose strength and fail during shaking.  The mechanism for this is, during strong 
shaking with no or limited drainage, cyclic shear stresses produce a progressive buildup of pore 
water pressures that significantly reduce the effective stress, which controls the strength of the 
soil.  This pore water pressure development primarily depends on particle shape, size, and 
gradation. Most liquefaction is observed in clean sands. Well-graded soils are generally less 
susceptible to liquefaction than poorly graded soils. Most liquefaction failures in the field have 
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involved uniformly graded soils (Kramer, 1996).The first step to evaluate the potential of 
liquefaction is, therefore, identification of grain size distribution of the soil. Liquefaction 
potential of cohesionless embankment materials and foundation has been assessed based on grain 
size distribution (Tsuchida, 1970). 
Figure 8 shows grain size distribution boundaries separating liquefiable and non-liquefiable soils 
proposed by Tsuchida (1970) and widely used by geotechnical engineers worldwide.  As shown 
in Figure 8, Tsuchida‟s boundaries are used for the assessment of liquefaction susceptibility of 
the Bilate alluvium foundation. 
 
Figure 8: Boundaries separating liquefiable and non-liquefiable soils (Tsuchida, 1970) 
Fine particles liquefaction potential assessment:  
Cohesive material liquefaction assessment was done by using the model developed by Seed and 
Idriss (1982) which indicates that clayey soils could liquefy if all the three of the below 
requirements are met.  
 Clay content<=15% by weight(particles smaller than0.005)  
 The liquid limit is <=35%  
 The natural moisture content is >=0.9 times the liquid limit 
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3.2.2 Initial static stress 
The initial static stress is done before the dynamic analysis. The initial static stress determination 
is done by Sigma/W model. The dynamic analysis gives the shear stresses due to the self-weight, 
pore pressure, hydrostatic pressure and the cyclic shear stress. In order to determine the specific 
dynamic shear stress, which is responsible for deformations and slope instability, the stress 
determined by the initial static stress is subtracted from the dynamic analysis stress. The 
constitutive material model selected for the analysis is elastic-plastic. In the analysis a pore 
pressure contributes for the strength of the soil by altering the matric suction.  
The Sigma /W analysis have a boundary condition constrained in both left and right borders by 
zero horizontal displacements. And the lower border of the analysis is also constrained by both 
zero vertical and horizontal displacements. 
3.2.3 Slope stability analysis before the earthquake shaking 
This section of the analysis is used to compare the instability occurred on the slope due to the 
static stresses from self-weight of dam material and reservoir pressure before shaking. To do this 
the SLOPE/W component of the Geostudio software has been used.  
The SLOPE/W component of the software uses the SIGMA/W Stress analysis technique in the 
numeric. For both the upstream and downstream face of the dam at steady state, the slope 
stability factor of safety is determined before the earthquake. It can easily be guessed that the 
factor of safety for the upstream is more than for the downstream, because of the additional 
hydrostatic normal force of the impounded water in the upstream face. The constitutive model 
for the materials is Mohr-Coulomb. The material parameters used for slope stability 
determination for different dam zones are tabulated as follows. 
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Table 4: Dam Material parameters used in static analysis (WWDSE final feasibility report, 
2008b) 
Zone Material Unit 
weight 
(KN/m
3
) 
C' 
(KPa) 
Φ' 
(deg.) 
1 Core 19 18.8 26 
2A Semi impervious layer 19 15 26 
2B  Transition filter 22 0 38 
3 Rock fill 22 0 38 
4 Clay blanket 19 18 26 
5 Alluvium foundation 17.7 35 31 
 
3.3 Dynamic material properties and constitutive model 
In an Equivalent- Linear model, soil stiffness is modified in response to computed strain in this 
model. This model starts the dynamic analysis with a specified stiffness of the soil. Then 
stiffness was modified by the computed strain for the next analysis. In such a way one specified 
stiffness stays for a specific iteration and gets changed when passed to the next. 
The dynamic characteristics of the dam materials have not been investigated by means of 
dynamic triaxial tests. Therefore, the material properties required for the dynamic analysis were 
estimated with the help of the geotechnical literature as will be explained in the next sections. 
3.3.1 Stiffness as a Function of Depth 
The soil stiffness is generally a function of the stress state.  As the confining stress increases, the 
soil stiffness increases. QUAKE/W uses the following relationship to describe the soil stiffness 
as a function of depth (GEO-SLOPE International, 2007). 
                                 G =   (   )
n
                                       (1) 
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Where G is the shear modulus, KG is a soil modulus,  σ'm  is the mean effective stress, and n is a 
power exponent (generally n is taken as 0.5).  To determine Gmax and the corresponding soil 
modulus KG, the following widely used empirical equation, which was developed by Seed and 
Idriss (1970) has been utilized. 
      = 220*     (   )
0.5
(in KPa)       (2) 
From Equations. (1) and (2), we get, 
   = 220*                                               (3) 
According to Seed et al. (1986) the magnitude of K2max for gravels ranges 80 to 180.  The K2max 
values for Bilate dam materials are determined based on the curves published by Seed and Idriss 
(1970). The Bilate shell materials are composed of rock fill, thus a K2max value of 130 is used. 
Table 5 summarizes the K2max values and the corresponding KG values used in the analyses. 
Assumed Poisson‟s ratios (υ) for each material are also shown in these tables.  The K2maxvalue 
for the clay core is determined based on the publication by Malla et al. (2005). 
Table 5: K2max and KG values based on Eq. (3) (Hadush and Messele, NSF) 
Material K2max KG V 
Clay Core 50 11000 0.4 
Semi impervious layer  50 11000 0.4 
Clay blanket 50 11000 0.4 
Rock fill 130 28600 0.25 
Transition/Filter 70 15400 0.3 
Alluvium Foundation 50 11000 0.35 
 
Shear Modulus Reduction and Damping Ratio Functions 
As the dynamic shear strain increases, the effective dynamic shear modulus becomes smaller 
than the maximum value Gmax. At the same time, the nonlinear response at higher dynamic 
strains leads to a higher rate of energy dissipation, which is represented by a damping ratio that 
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increases at higher strain levels.  The strain-dependent dynamic shear modulus and damping ratio 
values for different soils and rock published by Sun et al. (1988) and Idriss (1990) have been 
used for Bilate dam dynamic analysis. 
 
Figure 9: Shear modulus reduction function for clay (Idriss, 1990) 
 
Figure 10: Damping ratio function for clay (Idriss, 1990) 
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Pore Pressure Function 
The pore pressures developed during earthquake shaking are a function of the equivalent number 
of uniform cycles N for a particular earthquake and the number of cycles NL, which will cause 
liquefaction for a particular soil under a particular set of stress condition. The ratio of N/NL is 
then related to a pore pressure parameter ru (Kramer, 1996 /GEO-SLOPE International, 2007).  
Lee and Albaisa(1974) and DeAlba et al.(1975) found that the pore pressure function can be 
described by the following equation: 
   = 
 
 
 +
 
 
 sin
-1
[2(
 
  
)
 
 
 - 1]                       (4) 
The above equation is used to estimate the pore pressure function in QUAKE/W.   For saturated 
sand α= 0.7 (Das, 1993). As described above, the alluvium foundation is largely comprised of 
weakly compacted sandy silt has been assumed to be a potentially liquefiable soil.    Therefore, 
the pore pressure function shown in Fig. 11 (obtained using Eq. (4), for α = 0.7) has been used 
for the alluvium foundation of Bilate dam. 
 
Figure11:  pore pressure function used for alluvium foundation (DeAlba et al, 1975) 
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Cyclic Number Function 
A Cyclic Number Function must be attached to the Pore Pressure Function so that NL is defined.  
For high shear stress ratios  (defined as the  ratio of cyclic deviatoric stress to initial static 
effective vertical stress), only a few cycles may be required to cause liquefaction, while for low 
ratios, a larger number of cycles are required. The cyclic number function specifies this 
relationship. DeAlba et. al. (1976) and USNRC (1985) have published cyclic number function 
curves obtained from shaking table tests on sand.  Based on these publications, the Cyclic 
Number Function shown in Figure 12 has been used for the alluvium foundation of the Bilate 
dam 
 
Figure 12:  Cyclic number function used for the analysis (USNRC, 1985) 
3.4 The slope stability after earthquake 
Using the same method with that of slope stability before earthquake, the slope stability during 
earthquake is calculated by slice method. In the finite element method, which uses the stresses 
calculated by the Quake/W for all those fraction of seconds the slope stability is assessed for all 
potential slip surfaces and the critical one is considered. Additional inertial loads and dynamic 
shear stresses decrease the factor of safety from the static condition results. 
foundation cyc. num. fun
C
yc
lic
 N
u
m
b
e
r
Shear Stress Ratio
1
1000
10
100
0.2 0.25 0.3 0.35 0.4 0.45
40  
 
4. Result and Discussion 
4.1 Dam zones and materials model 
From the final feasibility design of the Bilate Embankment Dam project the selected dam type 
for the detail design is the Rock fill with central clay core. All the structural material is rock fill 
because of slope flexibility and availability of rock material near the site. The dam has different 
5(five) sections geometry and for this dynamic analysis of the dam. 
 
Figure 13: Dam materials and zone modeled by SIGMA/W 
The following are the main Bilate dam feature as per WWDSE final feasibility report (2008b) 
 Dam height above river bed: 42.5m 
 Crest level: 1600.5 a.s.l 
 Normal water level: 1595.0 a.s.l 
 Downstream berms:  3 berms with 5m width 
 Upstream slope: 2.2:1 
 downstream slope: 1.7:1 
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4.2 Liquefaction potential assessment 
Liquefaction potential assessment is done for different sections of the dam prior to determination 
of liquefied region. 
Main dam body which comprises  
 The rock fill: - rock fill are neglected for liquefaction potential assessment because pore 
water pressure development is almost nonexistence due to much more space between 
rocks.  
 The clay core: - Seed and Idriss (1982), suggests that clayey soils could liquefy if all the 
three of the below requirements are met.  
o Clay content<=15% by weight(particles smaller than0.002)  
o The liquid limit is <=35%  
o The natural moisture content is >=0.9 times the liquid limit 
During the geologic and material investigation the Atterberg Limits values from different 
samples are tabulated as follow. 
Table 6: Atterberg Limits of Bilate dam material (Tumoro, 2010) 
Sample No Depth –m                       Atterberg limits 
Liquid limit (wl) Plastic limit   (wp) Plasticity index (Ip) 
DTP – 3 3.15-4.0 54 25 29 
DTP – 5 2.8-3.85 38 21 17 
DTP – 6 1.2-2.75 47 32 15 
DTP – 10 0.0 -1.1 55 23 32 
DTP – 10 1.1-3.10 41 29 12 
DTP – 12 3-4.5 55 36 19 
STP – 1 1-2.25 43 26 17 
PDTP – 1 2.5-3.5 54 31 23 
PDTP – 2 2.0-3.0 58 31 27 
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From the above table, case where liquid limit which are less than or equal to 35%, does not meet 
one of the criteria. This lead to the conclusion, that the clay core of the embankment dam is not 
potentially liquefiable. 
Alluvium foundation 
Based on the drilled bore holes, the thickness of the overburden at the foundation is ranging from 
9.0m to 15.0m, whereas on the abutments ranging from 2 to 5m thickness( WWDSE final 
feasibility report,2008b).This overburden is mainly characterized by weakly compacted loose silt 
to sandy soil (WWDSE final feasibility report,2008b). For loose alluvium determination 
liquefaction potential is important.  The liquefaction susceptibility on the basis of average grain 
size distributions (Fig. 14) shows that 63% of Bilate dam foundation materials are potentially 
liquefiable. 
 
Figure 14: Alluvium deposit liquefaction assessment graph by Tsuchida (1970) method. 
In the above figure series 2 and series 3 are boundaries of potentially liquefiable soils as per 
Tsuchida (1970). Series 1 is grain size distribution of foundation material. 
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4.3 Initial Static Stress 
The constitutive material model selected for the analysis is elastic- plastic. In the analysis a pore 
pressure which contribute for the strength of the soil, described by the matric suction are used. 
The SIGMA/W analysis has a boundary condition restrained horizontally at both left and right 
ends. The lower boundary of the analysis also restrained in both vertical and horizontal 
directions. The result of effective stresses in the region of the embankment is displayed below 
with labeled contour. 
 
Figure 15: Effective stresses distribution in the dam 
As the graphic result presents, maximum effective stress is recorded at the downstream toe of the 
clay core. (750 KPa).Effective stress is computed by minimizing pore water pressure from total 
stress. Due to the above stored water pore pressure; the upstream face is a region where 
minimum effective stress is recorded. 
4.4 Slope stability analysis before the earthquake shaking 
The finite element analysis method result for both upstream and downstream slope stability 
analysis before earthquake is done for the assurance of static stability. For the upstream slope the 
calculated factor of safety in FEM method is 1.742 against slope instability. For the downstream 
slope the calculated factor of safety in FEM is 1.712 against slope instability. Sliding masses and 
slip surfaces are presented by the consecutive below figures of the analysis result. 
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Figure 16: upstream slope LEM analysis result at static condition 
 
Figure 17: Downstream slope LEM analysis result at static condition 
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Figure 18: upstream slope FEM analysis result at static condition. 
 
Figure 19: Downstream slope FEM analysis result at static condition 
The factor of safety for a static condition where the shear parameters are effective, the minimum 
required factor of safety is 1.5. (USBR, 2011/US Army Corps of Engineers, 2003). In our case, 
all computed factors of safety by both LEM and FEM are greater than the minimum required 1.5. 
The results of marginal safety factors for both upstream and downstream faces shows the Bilate 
Embankment dam is stable under static loading conditions. Therefore checking for dynamic 
stability is recommendable using different methods of analysis.  
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4.5 Dynamic Analysis finite element modeling 
The finite element model is done with both structured and unstructured mesh, depending on the 
geometry. The model consists of 453nodes in which equations are checked, and 415 elements, 
where material properties are extracted. The Geo-Studio manual recommends elements not more 
than 1000 to shorten time of analysis and to avoid results which might be complex for 
interpretation. In our case also number of node and mesh meet the Geo-Studio manual 
recommendation, since Bilate embankment dam is not as such very large with a height 42 m. The 
quads and triangular element geometry is selected for their compatibility in unstructured mesh. 
 
Figure 20: QUAKE/W finite element model to show mesh elements and nodes 
4.6 post earthquake slope stability analysis 
The finite element method analysis do the slope stability in the same way as the static (before 
earthquake) analysis the difference is that the analysis is done in every earthquake motion time 
steps (0.02 sec.). In the finite element method analysis the additional dynamic shear stress in 
each element at the base of slice is averaged and added to the static finite element slope stability 
analysis for each time steps. But due to the dynamic shear stress is cyclic the slope stability result 
is complex to interpret. For upstream slope the calculated factor of safety by finite element 
method during the MCE and DBE is 0.893 for all three considered earthquake conditions. 
However when the analysis method is changed to limit equilibrium the calculated factor of safety 
during MCE and DBE is 1.010. Down stream's slope calculated factor of safety by finite element 
during the MCE ranges from 1.195 to 1.203 and during the DBE ranges from 1.214 to 1.239.  
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But, downstream slope's calculated factor of safety by LEM for both MCE and DBE are 
from1.264 - 1.322. Generally these show finite element methods (SLOPE/W in cooperative with 
QUAKE/W) is important in determination of safe slope for embankment dams.  
The following table shows the summary of factor of safeties for both DBE and MCE under all 
three considered earthquakes. 
Table 7: Summary of slope factor of safeties under different earthquake condition and different 
methods of analysis.  
Post-earthquake marginal safety factors of slopes 
Type of 
Earthquake  
ATH(from 
considered 
earthquake) 
LEM FEM 
Upstream  Downstream Upstream  Downstream 
MCE Elcentro 1.014 1.291 0.893 1.216 
Kobe 1.014 1.273 0.893 1.203 
Hachinohe 1.010 1.264 0.893 1.195 
DBE Elcentro 1.014 1.322 0.893 1.239 
Kobe 1.014 1.318 0.893 1.235 
Hachinohe 1.010 1.288 0.893 1.214 
 
The marginal safety factors values in the above table shows the MCE is important in 
determination of safety of embankment dam since factor of safety values for MCE are less than 
that of DBE in the downstream slopes. The determined marginal factors of safety with all three 
considered earthquakes are all greater than one in LEM, the minimum expected to be fulfilled. 
However, in FEM the upstream face factor of safety lowers to 0.893 in both MCE and DBE. 
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Relatively the lowest minimum factor of safety, 1.195 for downstream slope by FEM 
(SLOPE/W) occurred during Hachinohe type of earthquake. The typical character of this 
earthquake is longer duration, where amplitudes are near the peak in most of the cycles. 
Comparing Hachinohe, Kobe and Elcentro, the marginal factor of safeties determined for the 
events when these earthquakes occurred are more or less similar in FEM. Their factor of safety 
calculated using the LEM (SLOPE/W) is also the same for both upstream and downstream 
slopes. 
A significant factor of safety difference was not determined for DBE and MCE. In FEM, the 
Elcentro and Hachinohe post-earthquake factor of safety in MCE are a little higher than DBE. 
But, in all other cases, the factors of safety in MCE are a little lower than DBE. Thus, the 
duration and the cycle‟s peak amplitude are more strong factors than peak amplitude acceleration 
in stability analysis. 
The following consecutive figures presents the slip surfaces with minimum factor of safety for 
Elcentro earthquake ATH conditions. 
 
Figure 21:Upstream slope FEM analysis result for MCE under Elcentro  
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Figure 22: Downstream slope FEM analysis result for MCE 
 
 
Figure 23: Upstream slope LEM analysis result for MCE 
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Figure 24:  Downstream slope LEM analysis result for MCE 
The upstream slope marginal factor of safeties for both MCE and DBE earthquake condition is 
less than downstream slope marginal factor of safeties due to upstream face is zone of highest 
pore pressure which reduce the soil strength on the upstream soil region than downstream at 
earthquake loading condition. 
The marginal factor of safety for both upstream and downstream slope before earthquake is 
greater than minimum required, 1.5. But marginal factor of safety for upstream post-earthquake 
is less than minimum required, 1. Newmark has shown that if the static factors of safety exceed 
the minimum required and dynamic factor of safety less than unity embankment will undergo 
finite displacement rather than complete failure. Therefore Bilate embankment dam will undergo 
finite element displacement rather than complete collapse under occurrence of MCE earthquake 
condition. 
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4.7 Pseudo-static analysis 
This analysis is done by the SLOPE/W component of Geo-studio considering initial stresses 
conditions as parent analysis. Peak ground acceleration creates an additional inertial disturbing 
force on the sliding mass for all the slip surfaces. 
The following consecutive figures presents the values of marginal safety factors and slip surfaces 
with minimum factor of safety for pseudo static method of analysis. 
 
Figure 25:  Downstream slope Pseudo static analysis result. 
 
Figure 26: Upstream slope Pseudo static analysis result. 
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The pseudo static analysis results show the marginal factor of safety for both upstream slope and 
downstream slope are above the minimum required factor of safety, 1 under earthquake load. But 
as stated in the previous section the result from the FEM shows the marginal factor of safety of 
upstream face of the dam is below the minimum required safety factor. These show that the FEM 
is more acceptable in provision of safe slope for embankment dams in highly seismic area. 
4.8. Liquefaction result 
In the previous section we have determined 63% of Bilate dam alluvium foundation is potentially 
liquefiable using Tsuchida (1970) method of liquefaction assessment. 
The following figures show liquefaction result done by QUAKE/W software for time stepped 
analysis. 
 
Figure 27: liquefaction analysis result at 0 sec. for MCE 
 
 
Figure 28: liquefaction analysis result at 0 sec. for DBE 
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Figure 29: liquefaction analysis result at 6 sec. for MCE 
 
 
Figure 30: liquefaction analysis result at 6sec. for DBE 
 
 
Figure 31: liquefaction analysis result at 10 sec. for MCE 
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Figure 32: liquefaction analysis result at 10 sec. for DBE 
Liquefaction result shows at start of earthquake or at static condition liquefied portion of 
foundation material is smaller for both MCE and DBE relative to final time step/10 sec. Because 
summation of cyclic shear stresses at last time/10 sec. produce higher progressive buildup of 
pore pressure created higher liquefied portion of foundation. But liquefied portion of foundation 
material is smaller under DBE condition than MCE due to lower value of peak ground 
acceleration in DBE. 
At last time step the result of liquefaction analysis shows foundation portion under the 
downstream slope of clay core toe and other three portions are none liquefied. These portions 
have higher value of effective stresses as showed in above figure 15. Increments of effective 
stresses reduce the liquefaction potential of material. 
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5. Conclusion and recommendation 
5.1 conclusion 
In this thesis evaluation dynamic stability of embankment dam is done considering acceleration 
time history of three historically occurred earthquakes under both MCE and DBE. 
Liquefaction potential of Bilate embankment dam's material and foundation is evaluated. Results 
of assessment shows 63% of foundation materials are potentially liquefiable. 
 Potentially liquefiable materials‟ dynamic stability analysis by QUAKE/W incorporation with 
SLOPE/W is important. 
Determination of marginal factor of safeties for all three considered earthquake condition are 
done by LEM, FEM and Pseudo static methods of analysis. 
Determined marginal factor of safeties value by FEM show upstream slope fail under all three 
earthquake ATH conditions (Elcentro, Hachinohe and Kobe).However downstream slopes are 
safe. 
Upstream slope has additional shaking load from reservoir and pore water pressure which 
increase slope instability more than upstream slope. 
Finite element consider earthquake load as repetitive load and quick which affect the slope 
stability quickly. 
Determined factor of safeties value by both LEM and Pseudo static methods shows both 
upstream and downstream slope are safe under all three earthquake ATH. 
Result from QUAKE/W software shows almost all alluvium foundation materials are liquefied at 
last time of analysis. 
Generally finite element method is better in provision of safe slope and evaluation of dynamic 
stability for embankment dams proposed to be constructed in highly seismic zone and loose 
alluvium foundation. 
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5.2 Recommendation 
Thesis recommends dynamic stability analysis should be done for earthed dam proposed to be 
constructed in highly seismic area. 
Dewatering the foundation reduces progressive development of pore pressure and increases the 
effective stresses in the foundation materials. Increments of effective stresses reduce the 
liquefaction. 
Lowering of reservoir level reduces additional shaking load from reservoir on upstream slope 
and increase the stability. 
Densification of loose saturated soils increase the effective stresses which reduces the pore water 
pressure hence reduces the effect of liquefaction. 
As shown in the above figure 15 upstream face has higher pore pressure / lower effective stresses 
result. If drain the reservoir effective stresses will increase then liquefaction reduces. Also as 
stated above more than 63% of liquefaction materials are susceptible to liquefaction. Removal of 
the 63% alluvium foundation and replacing with none liquefiable material is other advisable 
option to overcome liquefaction problem. But dam is under service; therefore removal of 
foundation materials is not applicable. Generally the paper put the following remedial action to 
overcome liquefaction problem of Bilate embankment dam foundation materials. 
 Dewater the foundation materials. 
 Densify the loose saturated soils. 
 Drain or lower the reservoir.  
The papers recommend the following points for person who wants to do paper on Bilate 
embankment dam. 
 Research the methods to apply the above enlisted remedial action for as built dam 
without affecting the stability. 
 Determination of deformation of dam due to earthquake vibration. 
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Appendix A 
Liquefaction potential determination based on Grain size distribution for Foundation and core 
materials. 
Table A-1: Grain size analysis result from different test pits of core/ foundation material. 
Test Pit NO. Depth in m 
 
% Passing Sieve (mm) 
 
N.M.C 
(%) 
 
Specific 
Gravity 
 
4.75 
 
2.00 
 
1.18 
 
0.475 
 
0.30 
 
0.075 
TP-3 3.15- 4.00 - - - - 100 99 42 2.51 
TP-5 2.80- 3.85 100 46 33 24 23 20 7 2.88 
TP-6 1.20- 2.75 - - 100 99 98 96 18 2.57 
TP-10 0.00-1.10 - - 100 96 91 42 17 2.51 
TP-10 1.10- 3.10 - - 100 99 98 75 18 2.54 
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Table A-2 Atterberg limits for clay core materials. 
Sample 
No. 
Depth –m                       Atterberg limits 
Liquid limit 
(wl) 
Plastic limit 
(wp) 
Plasticity index 
(Ip) 
DTP - 3 3.15-4.0 54 25 29 
DTP - 5 2.8-3.85 38 21 17 
DTP - 6 1.2-2.75 47 32 15 
DTP - 10 0.0 -1.1 55 23 32 
DTP - 10 1.1-3.10 41 29 12 
DTP - 12 3-4.5 55 36 19 
STP - 1 1-2.25 43 26 17 
PDTP - 1 2.5-3.5 54 31 23 
PDTP - 2 2.0-3.0 58 31 27 
 
 
 
 
 
 
Appendix B 
Modified time history data of 1940-Elcentro Earthquake. 
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               Figure 1-B: 1940-Elcentro Maximum Credible Earthquake - Horizontal 
 
                 Figure 2-B: 1940-Elcentro Design Base Earthquake - Horizontal 
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Appendix C 
Slip surface for Maximum Credible Earthquake under Elcentro  
 
Figure 1-C: Slip surface for upstream slope under MCE under Elcentro 
 
 
              Figure 2-C: Slip surface for downstream slope under MCE- Horizontal 
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Appendix D 
Liquefied foundation portion under MCE horizontal peak ground acceleration. 
 
Figure 1- D: liquefied alluvium foundation portion at 0 sec. for MCE 
 
            Figure 2 - D: liquefied alluvium foundation portion at 10 sec. for MCE 
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